Introduction
In light of the globallyi ncreasing energy consumption,e fficient electrocatalytic energy storagea nd conversion are paramountf or the transition from dwindling fossil sourcest os ustainable sources owing to the intermittent nature of renewable energy. [1, 2] Among the available options, energys torage in hydrogen bondsi sh ighly attractive due to the large gravimetric energy densities of the resulting chemical fuels. [3, 4] Water is the most abundant sustainable proton source, which makes water splitting ac ornerstone of sustainable fuels.
The scientific grand challenge of water splitting is the large overpotential of the half-reaction that oxidizes water to oxygen, [5] that is, the oxygen evolution reaction (OER). The best currently known electrocatalysts for the OER suffer from overpotentials around 0.3 Vh ighert han the thermodynamic limit, [6] which is very large as it equals,f or example, the span between thel east and most active perovskite oxides. [7] Property-activity relationships have proven ap romising approachi n the search for more active catalysts based on earth-abundant materials. Yet, furthert argeted progress on earth-abundant electrocatalysts is hampered by insufficient experimental insight into the nature of intermediates, the rate-limiting step (RLS), andthe mechanistic pathway.
The best understood catalyst for oxygen evolution by water oxidation is the CaMn 4 O 5 cofactor of photosystem II (PSII), [2, [10] [11] [12] the paragon of all artificial photosynthesis work and blueprint for solar fuels catalysts. [6, [13] [14] [15] [16] [17] [18] The structure of the active site is known with high resolution [8, 9, 19] and furthermore,t he active states have been studied for decades by various experimental and theoretical methods. [2, [10] [11] [12] [20] [21] [22] [23] The mechanism of water oxidation in natural photosynthesis is the so-called S-statec ycle or Kok cycle [24] (Figure 1 ). In the darkstable state S 1 ,t he four Mn ions have an average valence of Mn 3.5 + .L ight flashes advance the catalytic cycle by oxidizing Mn ions to Mn 4 + in state S 3 .T his high-valent state drives oxygen evolution at the site marked with an asterisk after an additional light flash. [9] The state resulting after oxygen evolution, S 0 ,c an then be oxidizedb ack to state S 1 by af ourth flash. In contrast, the active states of heterogeneous surfaces are much less defined and extremely difficult to study experimentally.M ost insight into the mechanisms on electrocatalytic surface is derived from the analysis of often ambiguous electrochemicalparameters.
Electrochemical analysis of mechanistic parameters is very mature. [25] [26] [27] [28] [29] [30] Recently,M inguzzi et al. [31] introducedd ynamic Ta rgeted improvement of the low efficiencyo fw ater oxidation during the oxygen evolution reaction (OER) is severelyh indered by insufficient knowledge of the electrocatalytic mechanism on heterogeneouss urfaces. We chose LiMn 2 O 4 as a model system for mechanistic investigations as it shares the cubane structure with the active site of photosystem II and the valenceo fM n 3.5 + with the dark-stable S1 state in the mechanism of natural photosynthesis. The investigated LiMn 2 O 4 nanoparticles are electrochemically stable in NaOH electrolytes and show respectable activity in any of the main metrics. At low overpotential, the keym echanistic parameters of Tafel slope, Nernsts lope,a nd reactiono rderh ave constant values on the RHE scale of 62(1) mV dec À1 ,1 (1) mV pH À1 , À0.04 (2) , respectively.T hese valuesa re interpreted in the context of the well-studied mechanism of natural photosynthesis. The uncovered differencei nt he reactions equence is importantf or the design of efficient bio-inspired electrocatalysts.
voltage-pH diagramsf or the discussion of kinetic information akin to thermodynamic information in aP ourbaix diagram. [32] The approachw as furthere xtended by Haghighat andD awlaty [33, 34] to display the electron-transfer coefficient (i.e.,T afel slope) and reaction order.T hese studies inspired us to seek a convenient graphical representation of mechanistic parameters in pH-dependent studies with high current and voltage resolution.
Here, we discuss LiMn 2 O 4 in alkaline media as an electrocatalytic model for the active site of PSII, with which it shares the cubane motif. The l-Li x Mn 2 O 4 materials system has been previously investigated using photochemical [35] [36] [37] and electrochemical [38, 39] methods, displaying inconsistent activities. We establish the expectedr oom-temperature crystal structure, valence, and covalence of LiMn 2 O 4 using X-ray diffraction (XRD) and Xray absorption spectroscopy (XAS). Mn loss is analyzed using rotating-ring disk electrodes (RRDE) to identify conditions under which potential Mn loss interferes least with oxygen evolution. Then, the currentso wed to oxygen evolution are measured by RRDE at various alkaline pH values to obtain the Ta fel slope, Nernst slope, and reaction order with respect to OH À .C omparison to the well-studiedS -state cycleo fn atural photosynthesis provides context fort he obtained mechanistic parameters and we discussc ommonalities as well as vital differences between the natural paragon and LiMn 2 O 4 .
Results and Discussion
The expected cubic crystal structure of semiconducting LiMn 2 O 4 was confirmed by XRD at room temperature (Figure 2a) . Rietveld analysiso ft he powder XRD patterns confirmed the space group of Fd3 m (#227) and al attice parameter of a = 8.15 (Table 1) . LiMn 2 O 4 can exhibit ac harge-ordered structure with space group I4 1 /amd at low temperatures, [40] with the first-order transition of ordering occurring at 280-290 K, [41, 42] but we found no indication of the charge-ordered structurei no ur analysis. The unit cell contained 8f ormula units in av olume of 541.46(1) 3 ,w hich resulted in ab ulk density of 4.436(1) gcm À3 ox of the LiMn 2 O 4 particles. Furthermore, there are 6Mna toms on the most stable (001) surface, [43] which yields as urface density of 9 10 14 Mn cm À2 ox .T he crystal structure consisted entirely of edge-sharingoctahedra with distances of 1 [44] which supports mixed Mn 3 + /4 + valence. The structure can also be interpreted as consistingo fM n 4 O 4 cubane units where voids are filled with Li ( Figure 2a,i nset) . Thus,t he cubane motifr elates LiMn 2 O 4 structurally to the CaMn 4 O 5 cofactor of PSII (Figure 1) .
Morphologya nd particles izes of the LiMn 2 O 4 powder were analyzed by scanning electron microscopy (SEM). The particle shapes were well approximated by ellipsoids (Figure 2b ,i nset) Figure 1 . S-state cycleofP SII and crystal structure of the cubanecofactor (3WU2). [8] The index of the S-statesi ndicates the number of accumulated holes. Light flashes 1-4 to advance the catalytic states,f or which Mn valences of the four numbered Mn ions are indicated.°One Mn 3 + ion could also be Mn 2 + . The oxygen atom markedbya na steriskl ikely participatesi nO ÀO bondf ormation with asecond oxygen (not shown). [9] = 2 )w ere generated based on 200 randomly selected particles (Figure 2b ). They were fit by al ognormal distribution with most frequentd iameter (i.e.,m ode) of 69 nm, from which a mean particle diameter of 79(43) nm was calculated. The vendors pecifies particle sizes of < 500 nm based on BETanalysis, which was in agreement with our microscopic analysis. Finally,t he particled istribution of the equivalentd iameter (d e ) and experimentalb ulkd ensity (1)w ere used in the Cauchy expression (A = 6/1 Sd e 2 /Sd e 3 ) [45] to calculate as pecific area of 12.264(2)m 2 g À1 for LiMn 2 O 4 . Soft X-ray absorptions pectroscopy (XAS) was used to elucidate the valence of the LiMn 2 O 4 powder.T he Mn L 3 edge involves at ransitionf rom Mn 2p 3/2 core to Mn 3d valences tates. However,t he wave functions of the core and valence states overlap significantly so that ac omplexm utiplet fine structure is detected. [46] Spectra were acquired in the surface-sensitive total electrony ield (TEY;e scaped epth % 7nm) [47, 48] and the bulk-sensitive inverse partial fluorescencey ield (IPFY). [49] The IPFY is effectively am easure of the X-ray attenuation length akin to X-ray transmission experimentsa nd as such less susceptible to saturation effects compared to the conventional partial fluorescencey ield (PFY). [49] Thes pectra weren ormalized to peak b for better comparison of the energy positionsa nd relative intensities of the features in the Mn L 3 edges.
The peak positions and shapes of LiMn 2 O 4 are typical for those of Mn 3/4 + oxides in octahedral coordination. [50] The spectra showed as harp peak near6 42.0 eV (denoted a in Figure 2c )a nd ab roader peak with higher intensity near 644.5 eV (denoted b in Figure 1c) ,i nw hicht he TEY spectra were less shiftedt han the PFY spectra.I ts hould be noted that the PFY spectrum is broader,w hichm ight affect the apparent peak positions. Peak g can be assigned to spin-up holes in the e g orbitals of the Mn 3 + (one e g hole) and Mn 4 + ions (two e g holes), [51, 52] which furthero verlap with the t 2g spin-down holes of the Mn 4 + ion. [53] Peak d can be assigned to the energetically close spindown e g holes on Mn 4 + ands pin-down t 2g holes on Mn 3 + ions. [53] The hybridization between these frontier orbitals of Mn and Oc an be experimentally determined by integration of the spectrali ntensity under peaks g and d normalized by the contribution of the holes to spectrali ntensity( e g holes + 1 = 4 t 2g holes). [54] We assume that the integral under thep eaks is ag ood estimationf or the covalence of the MnÀOb ond, which was highest for LiMn 2 [ 50] High covalence wasa lso supported by the MnÀOÀMn angle of 96.78 obtainedb yX RD analysis. It could lead to oxygen radicals, [55] which are also discussed in the mechanism of natural photosynthesis ( Figure 1, S 4 ) . [10] In summary,p hysical characterizatione stablished that LiMn 2 O 4 shares the cubane structure with the CaMn 4 O 5 cofactor of PSII and the Mn 3.5 + valence with the dark-stable S 1 state in the mechanism of natural photosynthesis. High MnÀOc ovalence potentially fosterso xygen radicals, whicha re discussed to play an importantr ole prior to oxygen evolutioni nn atural photosynthesis.
The electrochemical current of LiMn 2 O 4 was analyzed using aR RDE setup in NaOH with molaritiesb etween 0.1 m (pOH 1 = pH 13) and 1.0 m (pOH 0 = pH 14). The buffer capacity of the used alkaline electrolytes is at least four-fold highert han that of the commonly used 0.1 m phosphate buffer at pH 7 [50] so that electrolyte additives could be omitted to avoid possible side reactions. Voltammetry showedd ecreasingc urrents with cycling where the current at the scan apex halved within 10 cycles (Figure 3a) . The first cycle exhibited broad wave with onset near 1.4 Vv ersus RHE (reversible hydrogen electrode), which was absent in later cycles. To investigate the origin of these currents, the ring was set to reduceM nO 4 À or MnO 4 2À , which are thermodynamically favorable in the investigated voltage range. [32] The uncorrected ring currents werea bout 3orders of magnitude smallert han the disk currents,i ndicating as mall effect. Duringt he first cycle, the ring currents rose simultaneously with the disk currents at 1.4 Vv ersus RHE, that is, well beforet he onset of oxygen evolution. At voltages above 1.6 Vv ersus RHE, the ring currents saturated in the first Figure 3a )w ere small (< 0.1 mA) and equal within the noise level. Moreover,t he detected currents were barely above ab ackgroundm easurement of ag lassy carbon electrode loaded only with acetylene black carbon. During the later cycles,t he onseto ft he ring currents of LiMn 2 O 4 -carbon electrodes shiftedt oh igher voltages and might coincide with oxygen evolution as reported previously for electrodeposited Mn 3 + /4 + oxides. [56, 57] Nonetheless, these currents were within the background and did not affect the interpretation of our results.
Post-mortem transmission electron spectroscopy (TEM) establishedt he absence of significant structuralc hanges owing to Mn loss. Particles in the as-prepared LiMn 2 O 4 ink ( Figure 3b ) were compared with particles on an electrode prepared from the same ink after 10 cycles between 1.25 and 1.75 Vv ersus RHE at pH 13.4 ( Figure 3c ). Representative TEM images demonstrated crystallinity up to the surface of both the ink and the cycled particles. No indications of surfacea morphization or phase changes were observed, which is in clear contrast to perovskite oxidesc ycled under comparable conditions. [58] [59] [60] We concludet hat the cubane structureo fL iMn 2 O 4 is preservedf or at least 10 voltage cycles and selected the 5th cyclef or further evaluation of catalytic activity.
Capacitance-correctedd isk currents during the 5thcycle were independento ft he purging gas. Littleh ysteresis was observed above 1.65 Vv ersus RHE, whereas capacitive currents introduced hysteresis at lower voltages. Wec orrected for capacitivec urrents by averaging the anodic and cathodic voltage scans (Figure 4a) , [1] which resulted in the expected vanishing currents before an exponential current rise at approximately 1.5 Vv ersusR HE. The capacitive-corrected disk currents were equal within experimental spread in O 2 -purged andA r-purged NaOH at pH 13 ( Figure 4b ). This indicated that the LiMn 2 O 4 redox was independent of the oxygen pressure at the electrode.A lthough the equilibrium potential of oxygen redoxi s defineda ts tandardc onditions, that is, 1bar O 2 pressure, the expected voltage shift due to the pressure term in the Nernst equationc ould not be resolved within the experimental uncertainty.W ec onclude that experiments performed in both O 2 -purged and Ar-purged NaOH can be comparedd irectly,w hich enableso xygen detection at the ring in Ar-saturatede lectrolyte.
Qualitative oxygen detection at the ring was established by oxygen reduction in Ar-saturatedN aOH electrolytes (Figure 4c) . Quantitative detection is hindered by trappingo fb ubbles at the disk and the PTFE (polytetrafluoroethylene) spacer. [56, 61] Instead of the conventional collection efficiency, the ring currents were scaled to match the diskc urrents between 20 and 100 mA, where we expect low bubble formation. The scaling factors at 1600rpm were 0.062(22) at pH 13 and 0.061 (14)a veraged over all investigated pH values during the 5th cycle.T he deviation to the expected value of 0.424 for the investigated RRDEs etup suggesteds ignificant trapping of oxygen bubbles. Yet, the similarity of the scaling factors among all investigated electrodes indicated that the oxygen flux to the ring was reproducible for low disk currents. Althought he currents of the capacitance-correctedd isk and scaled ring werei denticalw ithin experimental spread due to the scaling factor,t he Ta fel slope (dlog[i]/dE)d iffered within one standard deviation, which is analyzed further below.I t should be noted that Tafel slopesa re independento fm ultiplied factors and the scalingf actor mainly facilitates easier comparison between the ring and disk currents.
Both previously discussed processes, Mn loss ando xygen evolution, were independent of pH on the RHE scale within experimental scatter.M nl oss was investigated in O 2 -saturated NaOH at pH 13.0, 13.4, and 14.0 duringt he 1st cycle,w here it was most pronounced( Figure5a). TheP ourbaix diagram [32] predicts an increasinge quilibrium potentialf or MnO 4 À formation andp ossibly MnO 4 2À formation when increasing the pH from 13 to 14 on both the RHE andN HE (normalh ydrogen electrode) scales. The average ring current owed to MnO 4 reductionw as indeed highest at pH 14, yet identical to that of the other pH values within experimental scatter.T hus, no significant pH dependence of Mn loss could be detected within experimental uncertainty and the cumulative Mn loss up to the 5th cycle is not expected to affect electrocatalysis.
The capacitance-corrected diskc urrents and scaled ring currents fall onto each other in Ar-saturatedN aOH during the 5th cycle at all investigated pH values, that is, pH 13.0, 13.2, 13.4, and 14.0, up to currents of approximately 0.5 mA (Figure 5b) . This demonstrated that Mn loss, albeit present, was reproducible enough to avoid large scatter in later cycles.F urthermore, no pH dependence is expected on the RHE scale when hydroxide is the reactanto ft he OER, which is discussed furtherbelow.
In summary,t he RRDE experiments demonstrated that side reactions were negligible and the scaled ring currents matched the capacitance-corrected disk currentsa ta ny pH low currents. Therefore, we assign the scaled ring currentst ot he catalytic rate of oxygen evolution ([O 2 ]/dt), which is the relevant current for mechanistic analysis.
The activity of LiMn 2 O 4 wasd etermined in the most commonm etrics ( Figure 6a nd Table 2 ) for comparison with other electrocatalysts.W ea nalyzed the capacitance-corrected disk currentsd ue to the aforementioned issues of obtaining quantitative information from ring currents and lack of ring data for comparison. Thus,t he diskc urrents were normalized by the disk area of 0.126 cm 2 (j disk ), oxide mass loading of 50(1) mg( j m ), or the experimentally determined oxide area of 6.1(2) cm 2 (j ox ). Additionally,t he surface turnover frequency (TOF-s) and bulk turnover frequency (TOF-b) were calculated using the Mn surface (9 10 14 Mn cm À2 ox )a nd bulk (4.436(1) gcm À3 ox )d ensities obtained from XRD analysis. The current densities were independento fp Hb elow 1.7 Vv ersus RHE within the experimental scatter and diverge for higher voltages at pH 13.4 and 14.0. Furthermore, higherc urrents will lead to more oxygen bubble formation, which is also expected to contributet ot he divergence of disk currents at high voltages. The (unscaled) ring currents were above noise for currents > 0.6 mA (Figure 6inset ), which gives an onset of oxygen detectiono f about 1.59 Vv ersus RHE independento fp H. Moreover, the ring currents overlap within experimental uncertainty between the onset and approximately 1.68 Vv ersus RHE.
Previous reports of the OER activity of LiMn 2 O 4 are inconsistent. Cady et al. [38] studied composite electrodes of LiMn 2 O 4 , carbon,a nd neutralized Nafioni n1 .0 m NaOH, which showed no activity above background. It is conceivable that the high Nafion concentration of their electrodes impedes electronic conduction, making LiMn 2 O 4 electrochemically silent and catalyticallyi nactive. On the other hand, Wei et al. [39] studied the overpotential of composite electrodes of carbon, Nafion, and spinel oxidesi ncluding LiMn 2 [62] (see also next paragraph). Moreover,w ea ssigned the reduction currentsa tt he ring to oxygen evolveda tt he disk (Figures 4b-c, 5b,6 ). Therefore, we conclude that LiMn 2 O 4 is active for electrocatalytic oxygen evolution.
Ac ommon activity metric in the field of solar fuels is the voltage to obtain j disk = 10 mA cm À2 disk because it matchesa10 % efficient solar cell. [62] [63] [64] The LiMn 2 O 4 -carbon composite electrode provided 10 mA cm (2) V). [62] The nanoparticles in the latter study of Jung andc o-workers [62] have surfacea reas within one ordero f magnitude of LiMn 2 O 4 and twice the oxide loading used herein (0.8 mg cm À2 disk ). The catalystm ass correlates with the cost and weight of an electrolysis devicea nd is thus another common normalization. The LiMn 2 O 4 -carbon composite electrode reached 10 Ag À1 at 1.705(3) Vv ersus RHE (0.476(3) Vo verpotential) at pH 13.4 and 14.0, which is similar to Ca 2 Mn 2 O 5 (1.70 Vversus RHE;5th cycle; "sub-micron") [65] and b-MnO 2 (1.71 Vv ersus RHE;5m 2 g
À1
). [66] Yet, the overpotential is higher than that of Mn oxidesw ith highers urface area, for example, solvent-free a-MnO 2 -SF (1.64 Vv ersus RHE;1 12 m 2 g À1 ) [66] ando xidesw ith similars ur- Figure 6 . Average capacitance-corrected disk currents of LiMn 2 O 4 -carbon composite disks normalized by disk area (j disk ), mass loading (j m ), oxide surface area (j ox ), surface turnover frequency (TOF-s) and bulk turnoverf requency (TOF-b). The insets hows the onset of oxygen evolution detected by oxygenr eductiona tthe ring. All electrochemicalmeasurements werec onductedi nAr-purged NaOH at 10 mV s À1 and 1600 RPM. Errorb ars indicate the standard deviation( 1s)of3electrodes. [7] Ideally,t he current would be normalized by the number of active sites for comparison of the intrinsic activity of materials withoutg eometrice ffects such as surfacea rea and roughness. [67] However,t he number of active sites is difficult to determinef or oxide surfaces. Instead, two proxies are commonly used:n ormalization by the oxide area or the total number of metal ions either on the surfaceo ri nt he bulk, from which the TOF is obtained. In both normalizations, it is assumedt hat all surfaceionsare active, which likely leads to underestimation of intrinsic activity,p articularly if all bulk ions are considered. The LiMn 2 O 4 -carbon composite electrode reached 100 mAcm À2 ox at 1.714(3) Vversus RHE (0.485(3) Voverpotential), which is similar to LaMnO 3 /C (1.68 Vv ersusR HE) [7] and Ba 6 Mn 4 O 16 /C (1.66 V versus RHE) [68] particles and La 0.6 Sr 0.4 MnO 3 thin films (1.68(2) V versus RHE) [61, 69] but clearly less activea sc ompared to, for example,B a 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3-d thin films (1.53 Vv ersus RHE). [70] The TOF-b of the LiMn 2 O 4 -carbon composite electrode was 0.0025 (2) )t han the TOF-b. The TOF can also be obtained for the CaMn 4 O 5 cofactor of PSII, which approximately works at an overpotential of 0.3 V [72] and has aT OF-s = TOF-b % 100 O 2 Mn À1 s À1 at that lower overpotential. [2] It should be noted that the nature of the catalyst, environmental conditions, and driving force for catalysis differ between LiMn 2 O 4 and PSII.
We conclude that composite electrodes of LiMn 2 O 4 -carbon exhibited respectable electrocatalytic activity in any metric. LiMn 2 O 4 shares the cubane structuralm otif and average Mn 3.5 + valence with the dark-stable S 1 state of naturalp hotosynthesis as we discussed above.T hese commonalities raise the question whether there are parallels between the photocatalytic mechanism of PSII and the electrocatalytic mechanism of LiMn 2 O 4 .
The electrocatalytic mechanism of oxygen evolutioni sd efined by three partial derivatives that relate the key parameters of the reaction kinetics: [73] ð@E=@pHÞ i ¼ Àð@E=@log ½iÞ pH Â ð@log i=@pHÞ E ð1Þ
The subscripts indicate constantv ariables for which additionally temperature and pressure should be held constant. The valueso ft hese partial derivatives dependo nt he choice of the reference potential with the exception of the Tafel slope. Here, we providet he values for voltages relative to both NHE andR HE. The NHEs cale is commonly employed in the field of solar fuels, whereas the RHE scale is common in the field of technical electrocatalysis. Voltages on the NHEs cale are proportional to the Gibbs free energy of the reactionb ut the potential of water oxidation depends on pH, whereas it is 1.23 Vu nder standardc onditions on the RHE scale independent of pH.
The Nernsts lope (n = @E/@pH) is 0mVpH À1 on the RHE scale and À59 mV pH À1 on the NHE scale when electron and proton/ hydroxide transfers are coupled. At standard conditions, the Nernsts lope on these two scales can be converted using: [25, 73] ð@E NHE =@pHÞ i ¼ð@E RHE =@pHÞ i þ 59 mV pH
À1 ð2Þ
where E NHE is the voltage on the NHE scale and E RHE is the voltage on the RHE scale. The Nernst slopea pproaches 59 mV pH À1 on the RHE scale and 0mVpH À1 on the NHE scale when the investigated electrochemical process becomes independento fp H, that is, electron and proton/hydroxidet ransfer become decoupled and an imbalanced number of electron and proton/hydroxidea re transferred.
The Tafel slope (b = @E/@log [i]) is perhaps the most widely investigated among the three partial derivatives. It does not require pH-dependent studies and is independento ft he choice of the reference potential.T he value of the Tafel slope dependsm ainly on the ratio of electrons transferred beforet he RLS to electrons transferred after the RLS but also on the surface coverage of the intermediates [27, 30] and the reorganization energy of the surroundings of the active site. [74] The Ta fel slope can be used as ad iagnostic for ag iven RLS in am echanistic sequence, for example, av alue of 59 mV dec À1 indicates that there is an electron transfer prior to al imiting chemical step under the assumption of low surface coverage (no blocking) and metallic conduction (fast electron transfer). Most values of the Ta fel slope cannot be uniquely assigned to aR LS in a given mechanistic sequence.
The reaction order with respect to pH (1 = @log i/@pH) depends on the reference potential. The reactiono rders on the NHE and RHE scale can be converted by
where b is the value of the Ta fel slope in the investigated pH range. The expectedr eactiono rder of an electrochemical process that does not depend on pH is 1 = 0. On the RHE scale, this is obtained at constant overpotential of oxygen electrocatalysis, whereas the free energy is constant on the NHE scale. Reported reactiono rders of the OER spread considerably in the literature [73] and can have fractional values, which may be owed to side reactions or competing intermediates on the NHE scale. Additionally,T afel slopes that are not multiples of 59 mV will result in fractional reaction orders on the RHE scale.
The first step in the experimental evaluationo ft he three partial derivatives was the construction of Ta fel plots of the capacitance-corrected disk and scaled ring currentsa te ach pH, which was performed on the RHE (Figure 7a )a nd NHE scale ( Figure 7b ). As discussed above,d isk and ring currentsw ere independento fp Hb ut the Tafel slopes at the ring (dashedl ines) and disk (solid lines) differed. On the NHE scale, the observed ring and disk currents showedp Hd ependence, as expected. Disk and ring currents differedn ear2 00 mAa tp H13a nd near 30 mAa tp H14b ecause the scaling factor of the ring was obtained on the RHE scale. We concluded above that the scaled ring currents correspond to the catalytic rate of oxygen evolution and therefore, we focused on the analysiso ft he mechanistic parameters of the ring currents but also provide the disk currents for comparison with the literature.
The Nernst slope (n = @E/@pH) of the scaled ring was 1(1) mV pH À1 on the RHE scale and À60(1) mV pH À1 on the NHE scale. The Nernst slopes at the disk were À2(2) and À63(2)mVpH À1 on the RHE and NHE scales, respectively.T hey were thus identicalw ithin experimental uncertainty in the investigated currentr ange between3 0a nd 130 mA (Figure 7c) . A Nernsts lope of À71(1) mV pH À1 was previously determined for electrodeposited MnO x between pH 11.4 and 13.3, [75] which is identicalt ot he Nernsts lope at the disk within experimental uncertainty.T he Nernst sloped epended on the current above 130 mA. It might be possible that the scan rate was too fast to ensure quasi-equilibrium at these higherc urrents and thus reaction rates. Alternatively,t he transfer of electrons and hydroxide could have been decoupled owing to hydroxylationo f neighboring sites (i.e.,b reakdown of the low coverage condition).
The disk currents show ac lear transition to another region of constant Nernst slope at currents below 10 mA. The Nernst slope of À39 mV pH À1 on the NHEs cale suggested ap rocess, in which 3electrons and 2p rotons/hydroxide are transferred.
Possible reactions involving MnO 4
À and MnO 4 2À have more negative Nernst slopes, and oxidationt oH MnO 4 À has an equilibrium potentialm uch highert han the upper scan boundary (Table 3 ). It is conceivable that delithiation competes with deprotonation as the onset voltage of LiMn 2 O 4 delithiation is near 1.5 Vversus RHE in brine. [76] This analysisillustrated the diagnostic value of the Nernsts lope at the disk to identify and exclude side reactions.
The reactiono rder with respect to OH À (1 = @log i/@pH) was À0.04(2)o nt he RHE scale between1 .59 and 1.66 Vo nt he scaled ring and0 .23(2) on the capacitance-corrected disk between 1.52 and 1.58 V ( Figure 7d ). In the voltage range of the ring, the reaction order of the disk decreases towardn egative values, which could be due to changes in the Ta fel slope or as ide reactions uch as the aforementioned delithiation. [30, 73] respectively.T hese values are similartot he reaction order at the LiMn 2 O 4 disk.
The reactiono rder on the NHE scale had an average value of 0.83(1) both on the scaled ring between 0.74 and 0.81 V versus NHE and on the capacitance-corrected disk between 0.70 and 0.79 Vv ersus NHE (Figure 7e ). Using Equation (3), reaction orders of 0.91(3) and 0.94(4) can be calculated for ring and disk. The Tafel slopes of disk and ring were not constant at pH 13 below 0.81 Vv ersus NHE, which might causet he deviation between the calculated and measured values. The shape of the reaction order traces on the NHE and RHE scales differed,w hich is ac onsequence of the differing current profiles as function of pH on the NHE and RHE scales. The reader is referred to the in-depth discussion of Koper.
[78] Reaction orders with respectt oO H À reported on the NHE scale differ greatly from À1.2(1) fore lectrodeposited MnO x [75] to À0.5 for MnO x paste [79] and 0.65 for LaMnO 3 pellets. [30] The spread may be partially caused by the Tafel slopes being 60(3),~40, and 126 mV dec À1 ,r espectively. The currents of constant Nernst slope and voltages of constant reactiono rder defined ar egion in the Tafel plot, in which neither current nor voltage depended on pH (shaded areas in Figures 7a,b) . On the RHE scale, the data of all investigatedp H values fell into this region,w hereas the data at pH 13 fell outside on the NHE scale. This dependence of the coupled mechanistic parameters [Eq. (1)] could contribute to the large spread of reported reaction orders and Ta fel slopes on the NHE scale. The currents at which the Ta fel slope can be evaluated independento fp Ho nt he RHE scale spanned less than an order of magnitude. Although it is somewhat arbitrarily recommended to evaluate Ta fel slopes over more than 2c urrent magnitudes, [74] this criterion appearstobetoo strict for acomplex reaction such as the OER investigatedb yc onventionalm acroscopic electrodes. Instead, we propose to evaluate the Ta fel slope where the Nernst slope and reaction order are constant.
The values of the Ta fel slope on the scaled ring and the capacitance-corrected disk were both independento fp Hw ithin experimental uncertainty (Figure 7f ), yet had different values. The ring Tafel slope was 62(1) mV dec À1 ,w hereas the disk Tafel slope was 83(1) mV dec
À1
.D isk Tafel slopes between 70 and 90 mV dec À1 are typical for composite electrodes containing carbon;T afel slopes of 88, 70, and 85 mV dec À1 were reported for MnO, Mn 2 O 3 ,a nd MnO 2 ,r espectively. [80] The significance of these values is unknown and they do not correspond to commonly discussed mechanisms of the OER. [27, 30, 74] Aside from intermediate surface coverage on these oxides (i.e.,n ot low coverage or full coverage), [27, 30] it is conceivable that the Ta fel slope is influenced by Mn comproportionation, [81] which would affect the number of electrons transferredp rior to the RLS. Yet, Ta fel slopes of about 60 mV dec À1 were also previously reported for diverse manganese oxidess uch as composite electrodes of Mn 3 O 4 and carbon (61 mV dec À1 ), electrodeposited MnO x (60(3) mV dec À1 ) [75] and epitaxial La 0.6 Sr 0.4 MnO 3 disks (65(5) mV dec À1 ). [61] The latter was also studied on aR RDE setup,w here the ring Ta fel slope was 66(6) mV dec À1 (the values are given for setupu sed at the Institute of Materials Physics (IMP) in Ref. [61] ,w hich is identical to the one used in this study). These literature values further corroborate that the ring Ta fel slope of 62(1)mVdec À1 is representative of oxygen evolution on LiMn 2 O 4 .
Interpretationo fm echanistic parameters of the Nernst slope,r eactiono rder, and Tafel slope calls for proposing as uitable reactionm echanism.H istorically,t he three mechanistic parameters are mainly discussed in the contexto ff our mechanistic sequences [27, 30] that are based on the works of Bockris, [29] Krasil'shikov, [82] O'Grady, [83] and Kobussen. [84, 85] The latter mechanistic sequence is also used in contemporary theoretical work [86, 87] and has received much attention lately. Instead of postulating am echanistic sequence based on the classicr eactions equences (in the field of oxygen electrocatalysis), we take ab io-inspired approach by interpreting the mechanistic parameters of LiMn 2 O 4 in the context of the well-established mechanismo fn aturalp hotosynthesis (Figure 1 ). This approach suggests itself due to the structurala nd chemical similarities between the CaMn 4 O 5 cluster of PSII and LiMn 2 O 4 established herein.
In the following Gedankenexperiment,l et us assumen atural photosynthesis was an electrocatalytic process with ar eaction sequence identical to that of the actual biocatalytic process (Table 4) . We furthera ssume that the CaMn 4 O 5 cluster of PSII is an electrochemical surfacew ith low hydroxide coverage in an alkaline electrolyte ande xhibitsq uasi-equilibrium between the reactions teps. In naturalp hotosynthesis,i ti su ndisputedt hat the transition from S 3 (via the elusive S 4 )t oS 0 is the slowest step (time constant % 1.5 ms) and thus rate-limiting (Table 4) . [2, [10] [11] [12] [20] [21] [22] [23] Starting from the dark-stable state S 1 ,t wo Table 4 . Calculated mechanistic parameters of the CaMn 4 O 5 cofactoro fP SII if it were an electrochemicals urface in the low coveragel imit.
Reaction step [a] t [ms]
15 04 observed for LiMn 2 O 4 n/a 62(1) À0.04(2) 0.83 (1) [a] The subscript of S i n/ + indicates the number of accumulated holes and the superscript indicates ap ositive( +)or neutral( n) charge relative to the dark-stableS 1 state. [23] [b] Time constant.
[ c] Uncertainties (1s)o ft he fit to ac onstanta re indicated.
[d] Ta fel slope. D = (1ÀF h/2 l m ), [74] where F is the Faraday constant, h is the overpotential, and l m is the reorganization energy per mole.
[e] Reactiono rder of the scaled ring with respect to OH À on the RHE scale.
[f] Reactiono rdero ft he scaled ring with respect to OH À on the NHE scale;t he reactiono rder with respect to H + is the negative value of the reaction order with respect to OH À .
[ g] Determined by XAS. [88, 89] [h] Determined by photothermal beam deflection(PBD). [90, 91] ChemSusChem 2017, 10,4479 -4490
www.chemsuschem.org 2017 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim electrons are transferred before the limiting step (n p ), that is, during S 1 n !S 2 + and S 2 n !S 3 + .O ne electron is transferred during the limiting step (n q ). Using the formula derived by Fletcher: [74] b ¼ 59=½n p þ 0:5 n q ð1ÀDÞÞ, ð4Þ
an electrocatalytic surface would have aT afel slope of 24/(1ÀD/5) mV dec À1 or al ower Ta fel slope of 24 mV dec À1 if the positive reorganization energy of the double layer is neglected.I ti sw orth noting that low Ta fel slopesa re highly desirable for electrocatalytic applications.ATa fel slope of 24 mV dec À1 has recently been reported for the OER on FeNi layered double hydroxide on Ni foam. [92] However,i ti ss ignificantly lower than the Tafel slope of 62 (1) We also calculatedn on-vanishing reaction orders with respect to OH À on the NHE and RHE scales for the RLS of the photosynthetic mechanism as an electrocatalytic process. On the NHE scale, each step that includes ah ydroxide transfer increasest he reactiono rder by one because the formation of these steps dependso nt he hydroxide concentration and the population of precedings teps. This pedestrian derivation is supported by the more rigorousa nalysis of Shinagawa et al., [93] who found that the reaction rate depends on polynomials of the hydroxide concentrationw ith ap olynomial degree equivalent to the steps that included hydroxide transfer.Thus, the cofactor of PSII as an electrocatalytic surface would have ar eaction order with respectt oO H À on the NHE scale of 1 NHE = 3, which corresponds to ar eaction order of 1 RHE = 0.5 on the RHE scale when the reorganization energy is neglected. This also disagrees with the observed reactionorders on LiMn 2 O 4 .
Ta fel slopes and reactiono rders were also calculated under the assumption that any of the other steps in the extended Sstate cycle [23] are rate-limiting (Table 4) . Equation (4) indicates that the Ta fel sloped ecreases when more electrons are transferred before the RLS or when an electroni st ransferred during the RLS. The step S 2 + !S 2 n matches the experimentally obtained Ta fel slope and reactiono rder of LiMn 2 O 4 .H owever,a ny process would produce aT afel slope of 59 mV dec À1 when one electroni st ransferred prior to aR LS without electron transfer. This step could be breaking of the OÀHb ond( as in S 2 + !S 2 n ), making of the OÀOb ond or breaking the MnÀOO bond (oxygenr elease). However,O ÀHb ond breaking should have fast kinetics for high concentrations of OH À (pK a 14) in alkaline electrolytes and thusd ioxygen formation or release are most likely limiting. It should be notedt hat the detailso ft he latter two steps are also still debated for natural photosynthesis. [9-12, 20-23, 94, 95] The reaction order of the S 2 + !S 2 n transition of 0o nt he RHE scale also matches the value of À0.04(2) observed for LiMn 2 O 4 within 2s tandard deviations. In naturalp hotosynthesis, the electron transfer occurs first (S 1 n !S 2 + ), followed quicklyb yd eprotonation (S 2 + !S 2 n ). The sequence of eventsi sp ossibly identicald uring electrocatalysis on LiMn 2 O 4 due to an identical Mn valence as well as cubane structureo fL iMn 2 O 4 compared to the S 1 state and the presence of the base hydroxide in the electrolyte. Although the electrochemical reaction order can give no insight into the sequence, the obtained values clearly indicatet he transfer of ah ydroxide.
The combinedm echanistic parameters suggest coupled transfero fe lectrons and hydroxide. LiMn 2 O 4 showedaNernst slope of 1(1) mV pH À1 on the RHE scale (À60(1) mV pH À1 on the NHE scale),w hich indicates coupling of electron and hydroxide transfer.T he obtained Tafel slope mandates the transfero fo ne electron and the reactiono rder the transfer of one hydroxide. It could be transferrede ither before or during the RLS. As braking of OÀHb onds is unlikelyi nvolved in the RLS, the mechanistic parameters point towardacoupled electron and hydroxide transfer before the RLS.
All discussed data pointt oward an early RLS in the mechanism of LiMn 2 O 4 compared to natural photosynthesis. In the Sstate cycleo fp hotosynthesis, two coupled charget ransfers occur before the RLS that includes an additional coupled charget ransfer (Table 4 ). In contrast, LiMn 2 O 4 has only as ingle coupled charge transfer before aR LS without electron transfer. PSII contains only as ingle cubane unit embedded in the protein matrix.R ecent diffraction experiments [9] suggest the oxygen marked by an asterisk in Figure1 as the site of OÀO bond formation. In LiMn 2 O 4 ,c omparable sites are available at any corner of the cubane and the surface was slightly oxidized. This should make it more likely that as ingle electron transfer sufficiently oxidizes the surroundingo fapotentiala ctive site in LiMn 2 O 4 ,the bulk of which consists of equal numbers of randomly distributed Mn 3 + and Mn 4 + as supported by the noncharge ordered structure of our LiMn 2 O 4 powder (Figure 2a ; Ta ble 1).
Oxygen evolution reduces Mn in natural photosynthesis and electrocatalytic Mn oxides. [96] Thus, an early limiting step in the mechanism of LiMn 2 O 4 means that further oxidation steps are required to return the electrocatalyst to the initial state. These steps are likely fast at the highly oxidizing voltages of the OER because voltages above approximately 0.8 Vv ersus RHE were found sufficient to oxidizeM n 2 + /3 + oxide, [50] whereas the mechanistic parameters were evaluated above 1.58 Vv ersus RHE (i.e., > 0.78 Voverpotential with respect to Mn 2 + /3 + oxidation). Changes in the RLS of electrocatalytic oxidesh aver ecently been demonstrated by using electrolyte additives [97] or surfacef unctionalization. [98] These approaches might enable the later fast steps in the mechanistic sequence to enhance reaction kinetics. Furthermore, control over the electrons transferred prior to the RLS allows reducing the Tafel slope.
We conclude that the steps of the S-statec ycle of natural photosynthesis can explain the observed mechanistic parameters on LiMn 2 O 4 .H owever,w ec annotj udge the validity of our assumption that the mechanistic sequence of theset wo catalysts is identical, which would requiree laborate in situ experimentst ot est the proposed hypotheses. )a nd reaction order (0.83(1)) were also evaluated on the normalh ydrogen electrode (NHE) scale. These mechanistic parametersi ndicate ar ate-limiting step (RLS)w ithout electron transfer that is preceded by as ingle electron transfer.T his means that the RLS occurs early in the mechanistic sequence, which is in contrastt on aturalp hotosynthesis, for which three holes are accumulatedp rior to oxygen release. It should be noted that an early RLS does not exclude am echanism in which holes (i.e.,o xidation equivalents) are accumulated as the pristine materiali sa lready in ah igh oxidation state (Mn 3.5 + ). We calculatedt he Ta fel slope and reactiono rder under the assumption thatt he S-statec ycle of natural photosynthesis wasa ne lectrochemical process. The late RLS of the active site in natural photosynthesis would result in ad esirably low Ta fel slope of about 24 mV dec
Conclusions

À1
.T his suggests that engineering materials with ap hotosystem-like mechanism having a late RLS (i.e.,m ore than electron transfer before the RLS) provide low Ta fel slopes at low overpotential. Our mechanistic analysisthus outlines as trategy to lower the Ta fel slope of bioinspirede lectrocatalysts for the productiono fs ustainable fuels with high efficiency.
Experimental Section
LiMn 2 O 4 was bought from Sigma-Aldrich (Art. #725129, LOT #MKBF0675V) and used as received.
Powder XRD patterns were obtained with aB ruker D8 diffractometer using monochromatized CuK a radiation. SEM was performed using an FEI Nova Nano SEM 650 operated at 5a nd 15 keV,w here at hrough-lens detector was used. TEM studies were performed using aF EI Titan 80-300 environmental microscope operated at 300 kV in high vacuum mode. The analyzed samples were drop cast onto al acey carbon film fixed on a3mm copper grid directly before the TEM experiments.
Soft XAS measurements at the Mn Land OK edges were performed at the spherical grating monochromator (SGM) beamline 11ID-1 at the Canadian Light Source. [99] Samples were prepared by covering carbon tape homogeneously with finely dispersed sample powders. The samples were mounted at an angle of roughly 458 with respect to both the incident beam and the detectors. All measurements were recorded at room temperature either as TEY at the OK and Mn Le dges or as PFY at the OK edge and as IPFY at the Mn L edges. The incident energy was scanned continuously (slew scan mode) and then interpolated to 0.1 eV step size. All spectra were normalized by fitting af irst-order polynomial in an appropriate region before the Mn L 3 edge or OK pre-edges and subtracting it over the whole range of data. Subsequently,asecond-order polynomial was fitted after the Mn L 2 edge or OK edge and divided over the whole range of data to normalize the post-edges to unity. The energy axis was calibrated with respect to the pre-edge in the spectrum of molecular oxygen at 530.8 eV, [50, 100] which was acquired using as ample cell filled with ambient air.T he absence of radiation damage was confirmed using KMnO 4 powder as ab enchmark. No Mn reduction was observed during subsequent scans. For calculation of the Mn valence from IPFY spectra, the centroid of the Mn L 3 edges was determined using the tool "peak analyzer" in Origin 8.5, where ac onstant corresponding to the post-edge intensity was subtracted as ab ackground. [101] for the TEY spectra.
Electrodes for electrochemical experiments were prepared by inkcasting onto glassy carbon disks with 4mmd iameter (ALS Co Ltd., 0.126 cm 2 area). The disks were polished to am irror finish and sonicated in milliQ water prior to ink-casting. The inks contained oxide (10 mg), acetylene black carbon (2 mg, 99.9 %A lfa Aesar) that was acid treated, [102] and tetrahydrofuran (2 mL, THF). The ink was sonicated for 30 min and then 2 5 mLw ere applied to polished disks and dried in ambient air.E lectrodes prepared by this method showed good dispersion and homogeneous coverage. The final loading was 50(1) mgp er disk, which corresponds to 0.40(1) mg cm À2 .
Electrochemical measurements were performed using an OrigaFlex system consisting of three OGF500 potentiostats (Origalys SAS) connected to aR RDE-3A rotator (ALS Co Ltd.). Te flon cells were used in at hree-electrode configuration with Pt counter electrodes and as aturated calomel electrode (SCE;A LS Co Ltd.) that was calibrated against aR HE electrode (Gaskatel GmbH). The ink-cast glassy carbon electrodes were held by rotating ring disk electrode (RRDE) holders with Pt rings having 5mmi nner and 7mmo uter diameter.T he experimental collection efficiency of 0.415(4) is close to the calculated efficiency of 0.424 in 0.1 m KOH with 1mm ferricyanide. The ring was mechanically polished prior to each experiment and cleanliness was verified by cyclic voltammetry.Astock solution of 1.0 m NaOH (pH 14) was prepared by dissolving an appropriate number of pellets (AppliChem, > 99 %) in milliQ water. Electrolytes with pH between 13 and 13.4 were prepared by diluting the stock solution with milliQ water.M nO 4 was detected at the ring of the RRDE by reduction at 0.2 Vv ersus SCE in NaOH purged with O 2 (Air Liquid, 99.999 %). Oxygen was detected at the ring of the RRDE by reduction at À0.4 Vv ersus SCE in NaOH purged with Ar (Air Liquid, 99.999 %). was allowed to rest for 2min at open circuit (OC) and then electrochemical impedance spectroscopy (EIS) was performed between 100 kHz and 1Hzw ith an AC amplitude of 25 mV at OC to determine the uncompensated resistance. After iR correction of the voltage, the data were interpolated either on an equidistant voltage axis with 5mVr esolution or an equidistant log current axis with 20 points per decade. Reaction orders were obtained on the equidistant voltage data, whereas the Ta fel and Nernst slopes were obtained on the equidistant log current data.
